Sporozoite gliding motility and invasion of mosquito and vertebrate host cells in malaria is mediated by thrombospondin repeat anonymous protein (TRAP). Tandem von Willebrand factor A (VWA) and thrombospondin type I repeat (TSR) domains in TRAP connect through proline-rich stalk, transmembrane, and cytoplasmic domains to the parasite actin-dependent motility apparatus. We crystallized fragments containing the VWA and TSR domains from Plasmodium vivax and Plasmodium falciparum in different crystal lattices. TRAP VWA domains adopt closed and open conformations, and bind a Mg 2+ ion at a metal ion-dependent adhesion site implicated in ligand binding. Metal ion coordination in the open state is identical to that seen in the open high-affinity state of integrin I domains. The closed VWA conformation associates with a disordered TSR domain. In contrast, the open VWA conformation crystallizes with an extensible β ribbon and ordered TSR domain. The extensible β ribbon is composed of disulfide-bonded segments N-and C-terminal to the VWA domain that are largely drawn out of the closed VWA domain in a 15 Å movement to the open conformation. The extensible β ribbon and TSR domain overlap at a conserved interface. The VWA, extensible β ribbon, and TSR domains adopt a highly elongated overall orientation that would be stabilized by tensile force exerted across a ligand-receptor complex by the actin motility apparatus of the sporozoite. Our results provide insights into regulation of "stick-and-slip" parasite motility and for development of sporozoite subunit vaccines. M osquitoes transmit malaria to humans via sporozoites. Sporozoites are important targets of pre-erythrocytic malaria vaccines. However, we know little about the structure and arrangement of the two most important vaccine targets on sporozoite surfaces, the circumsporozoite (CS) protein (1-3) and thrombospondin repeat anonymous protein (TRAP) (4, 5). CS is a constitutive sporozoite surface protein and has a glycophosphatidylinositol anchor. TRAP mediates sporozoite gliding motility and cell invasion in both mosquito and vertebrate hosts (6).
Sporozoite gliding motility and invasion of mosquito and vertebrate host cells in malaria is mediated by thrombospondin repeat anonymous protein (TRAP). Tandem von Willebrand factor A (VWA) and thrombospondin type I repeat (TSR) domains in TRAP connect through proline-rich stalk, transmembrane, and cytoplasmic domains to the parasite actin-dependent motility apparatus. We crystallized fragments containing the VWA and TSR domains from Plasmodium vivax and Plasmodium falciparum in different crystal lattices. TRAP VWA domains adopt closed and open conformations, and bind a Mg 2+ ion at a metal ion-dependent adhesion site implicated in ligand binding. Metal ion coordination in the open state is identical to that seen in the open high-affinity state of integrin I domains. The closed VWA conformation associates with a disordered TSR domain. In contrast, the open VWA conformation crystallizes with an extensible β ribbon and ordered TSR domain. The extensible β ribbon is composed of disulfide-bonded segments N-and C-terminal to the VWA domain that are largely drawn out of the closed VWA domain in a 15 Å movement to the open conformation. The extensible β ribbon and TSR domain overlap at a conserved interface. The VWA, extensible β ribbon, and TSR domains adopt a highly elongated overall orientation that would be stabilized by tensile force exerted across a ligand-receptor complex by the actin motility apparatus of the sporozoite. Our results provide insights into regulation of "stick-and-slip" parasite motility and for development of sporozoite subunit vaccines. M osquitoes transmit malaria to humans via sporozoites. Sporozoites are important targets of pre-erythrocytic malaria vaccines. However, we know little about the structure and arrangement of the two most important vaccine targets on sporozoite surfaces, the circumsporozoite (CS) protein (1-3) and thrombospondin repeat anonymous protein (TRAP) (4, 5) . CS is a constitutive sporozoite surface protein and has a glycophosphatidylinositol anchor. TRAP mediates sporozoite gliding motility and cell invasion in both mosquito and vertebrate hosts (6) .
TRAP is mobilized from micronemes to the plasma membrane at the apical end of sporozoites, and is translocated to the posterior end during cell migration and invasion (7, 8) . TRAP spans the plasma membrane, and its cytoplasmic domain connects to the actin cytoskeleton through aldolase, permitting functional cooperation between extracellular adhesive domains and the intracellular actin/myosin motor (8) (9) (10) . The TRAP ectodomain contains tandem von Willebrand factor A (VWA) and thrombospondin repeat (TSR) domains. A subset of VWA domains, including the inserted (I) domains in integrins, contain metal ion-dependent adhesion sites (MIDAS), with a Mg 2+ ion at the center of the ligand binding site (11) . Conformational change transmitted from neighboring domains regulates affinity of I domains for ligand. The TRAP VWA domain contains the sequence signature of a MIDAS. Mutations of putative TRAP VWA domain MIDAS residues and deletion of a segment of the TRAP TSR domain disrupt gliding motility and invasion of mosquito salivary glands and mammalian liver cells (12, 13) .
A crystal structure of a fragment of the von Willebrand factor A (VWA) domain from a Toxoplasma gondii TRAP orthologue, micronemal protein-2 (MIC-2) (5), and an NMR structure of the TRAP TSR domain (4) did not yield insights into conformational regulation or how these neighboring domains might interact in TRAP or MIC-2. In integrins, induction of the highaffinity, open conformation of both the α-and β-subunit I domains is relayed between tandem domains by axial displacement of the C-terminal α helix (14) . We hypothesized that the TRAP VWA domain would undergo conformational change during ligand binding, induced by tensile force transmitted through the TSR domain by the motility apparatus. To test this hypothesis, we crystallized TRAP in multiple lattices and conformational states.
Results
A 274-residue Plasmodium falciparum TRAP tandem domain fragment (Fig. 1A ) expressed in mammalian HEK293T cells yielded a 2.2-Å crystal structure of its VWA domain (Table S1 and Fig. S1A ). The TSR domain was not seen in density, despite its presence in the TRAP construct in crystals as shown by SDS/ PAGE (Fig. S1B) . The C-terminus of the VWA domain lies adjacent to a large void in the crystal lattice (Fig. S1C ). This void can accommodate multiple orientations of the TSR domain, which must be disordered based on its lack of electron density. A shorter fragment containing the ordered portions of the tandem fragment yielded a second, 2.25-Å, structure (Fig. 1B and  Table S1 ). Each of these P. falciparum TRAP structures adopts a closed conformation similar to that in integrin I domains. In contrast, a tandem Plasmodium vivax TRAP fragment crystallized in a different lattice yielded ordered VWA and TSR domains ( Fig. 1C and Table S1 ) with a VWA conformation similar to that in the open conformation of integrin I domains.
The VWA domain is flanked by N-terminal 20-residue and Cterminal 10-residue sequences with one cysteine each that belong by sequence homology to neither the VWA nor TSR domains and are termed here the extensible β ribbon (Fig. 1 A-C) . These segments closely associate with the VWA domain in the closed conformation; indeed, most of the C-terminal segment, including its cysteine, folds up as a portion of the VWA α7 helix and makes α7 longer than in integrin I or VWA domains (Fig. S2) . The α7-helix cysteine in the C-terminal extensible β-ribbon segment disulfide bonds to the cysteine in the N-terminal segment. The α7 helix has identical conformations in the two closed structures ( Fig. 1 D and E) . The disulfide bond is largely but not completely buried by nearby hydrophobic residues in the VWA α7 helix and central β sheet and by Val-42 in the N-terminal segment. However, most of the N-terminal segment is disordered in the two closed crystal structures. Disordered residues include those that are invariantly conserved as hydrophobic or acidic among diverse Plasmodium spp. (Fig. S3 ). These disordered conserved residues, along with the partial exposure to solvent of hydrophobic residues including the disulfide, may spring-load the extensible β ribbon for conformational change.
A second unique disulfide bond is present within the α6-β6 loop of the VWA domain. The TRAP α6-β6 loop is unusual among VWA domains for its extreme projection from the main body of the domain ( Fig. 1 B and C) . The loop folds over a hydrophobic core created by the disulfide bond, toward the putative ligand binding site at the MIDAS of the VWA domain. The disulfide is invariantly conserved in apicomplexan TRAP orthologs including MIC-2 in T. gondii (Fig. S3) , but was not previously visualized (5) .
In the open conformation revealed in the P. vivax TRAP crystal structure (Fig. 1C) , the C-terminal α7 helix of the VWA domain pistons 10 Å in the C-terminal direction compared with the closed conformation and the β6-α7 loop completely reshapes (Figs. 1 B-F and 2A; the α7-helix and β6-α7 loops are shown in white in Fig. 1 B-F). The positions in closed and open conformations of the β6-α7 loop and α7 helices are almost identical between TRAP and integrin αI domains ( Fig. 2 A and B) . Furthermore, similar to a Phe in integrins, a Trp in a homologous position of the β6-α7 loop (Fig. S2 ) is displaced from a hydrophobic pocket in the closed conformation ( Fig. 2 C and E) . In the open conformation, the TRAP metal ion has no direct coordinations to negatively charged MIDAS residues, giving it high electrophilicity for negatively charged ligands. Furthermore, rearrangements in MIDAS loops will alter specificity for ligands. Because mutations of the MIDAScoordinating Thr residue in the TRAP α3-α4 loop and the Asp residue in the β4-α5 loop greatly decrease invasion of mosquito salivary glands and infection of mammalian hosts (12, 13), our structures strongly suggest that conformational change in the VWA domain regulates ligand binding by TRAP during these biological processes.
Extensible β-ribbon formation is coupled to unwinding of the two most C-terminal α-helical turns of the α7 helix (Figs. 1 B and C and 2A). These former α7-helix residues, closely associated N-terminal segment residues, and a total of 13 residues that are disordered in the closed conformation, form a β ribbon composed of two antiparallel β strands that extends 35 Å (Figs. 1C and 3 A-D) . Dashed lines on the βA and βB ribbons in Fig. 1C mark how far the portions that were in close association with the VWA domain in the closed conformation move in the open conformation. The disulfide bond that stabilizes the α7-helix interface with the N-terminal segment in the closed conformation moves 15 Å and stabilizes the VWA-proximal end of the β ribbon (Figs. 1C  and 2A) . The other end of the β ribbon is stabilized by interaction with the TSR domain ( Fig. 3 C and D) . The middle region of the extensible β ribbon is stabilized by a salt bridge between Glu-36 and Arg-236 (Fig. 3D) , which are invariantly Glu or Arg/Lys in Plasmodium spp., respectively (Fig.  S3) . The sequence of the β ribbon is highly conserved in Plasmodium spp. and is rich in β-branched Thr, Val, and Ile residues that favor its β conformation. The length of the β ribbon of 35 Å is very similar to the long dimensions of the VWA and TSR domains. To our knowledge, the appearance through conformational change of an element with domain-like dimensions between two other domains is unprecedented.
TSR domains contain a β ribbon that is augmented by a third "strand" to form the elongated TSR domain (16) . Rigidity is provided by closely interacting layers of residues that stack up along one side of the β ribbon (Fig. 3 E-I ). In the TRAP TSR domain, the layer residues are, from the N-terminal to the C-terminal end, Cys, Arg, Trp, Arg, Trp, His, and Cys (Fig. 3E) . Differences in the layers at the N-terminal end define four classes of TSR domains, including a highly dissimilar αTSR domain in CS protein (Fig. 3 E-I) .
Comparisons among two independent, open TRAP molecules in the asymmetric unit show essentially identical orientations between the extensible β ribbon and TSR domain (Fig. 3B ) that are secured by extensive overlap between the ends of their domains ( Fig. 3 C and D) . Such overlap between tandem domains is uncommon, and not seen, for example, between tandem TSR domains in thrombospondin (16) . In contrast, orientation between the VWA domain and extensible β-ribbon varies markedly (Fig.  3A) . The unique specializations at the N-terminal end of the TRAP TSR domain (Fig. 3E ) stabilize its shape even in isolation (4) (Fig. 3 E and F and Fig. S4 ) and create an interface to stabilize the extensible β ribbon once it is formed (Fig. 3C) . Cys-240 is part of both the extensible β ribbon and TSR domain; as part of the B strand of the β ribbon, it forms the last backbone hydrogen bond of this strand, and as part of the TSR domain, it forms one of its disulfide bonds (Fig. 3 C and D) . This disulfide is in a hydrophobic core at the β-ribbon/TSR overlap with β-ribbon residues Val-32, Tyr-34, and Ala-238 (Fig. 3C) . His-266 and Lys-268 of TSR help cover the hydrophobic core and form a hydrogen bond and π-cation bond, respectively, to β-ribbon residue Tyr-34. At the opposite end of the overlap, Arg-262 in the second layer position of the TSR salt bridges to Asp-30 of the extensible β ribbon; both residues are invariant in Plasmodium spp. (Fig. S3) .
The disulfide bond at the C-terminal end of TSR is buried by a glucosyl β1,3-fucose disaccharide. The fucose residue is Olinked to Thr-252 (Figs. 1C and 3E ). Fucosylation is a well-known specialized posttranslational modification of TSR domains (17) but has only occasionally been observed in TSR structures (16) . As with TRAP studied here, this modification also occurs in the αTSR domain of CS expressed in mammalian cells (2) . It is likely that a similar modification is present on these proteins on the sporozoite surface, because the responsible enzyme in higher eukaryotes, protein O-fucosyl transferase 2, is conserved in P. falciparum and other apicomplexans (2). Discussion VWA domains are widely expressed intra-and extracellularly in prokaryotes and eukaryotes (11) . Only a subset of these have a MIDAS, and fewer still are structurally characterized in two conformational states: integrin αI and βI domains and complement components C2 and factor B (11, 14, 15, 18 ). Among these, integrin αI domains show the greatest similarity in the mechanism of shape shifting and in being flexibly linked to the domain in which they are inserted in the closed conformation (19) . The insertion of the VWA domain in the extensible β-ribbon in TRAP is analogous to insertion of integrin αI and βI domains in β-propeller and hybrid domains, respectively (14, 15) . Similarity between TRAP and integrin αI domains may reflect their common function in cell migration and adhesion.
We have determined the structure of the majority of the TRAP ectodomain (Fig. 1A) . The remaining C-terminal segment between the TRAP TSR domain and membrane-spanning domain consists predominantly of proline and polar residues, is likely to be natively unstructured, and to project the ligand-binding domains in TRAP above the protective sheath formed by the CS protein. TRAP has been shown to mediate gliding motility through a "stick-and-slip" process in which different regions of the sporozoite surface alternate between being attached and detached from the substrate (20) . Our findings that TRAP exists in both closed and open conformations and that the open, putative high-affinity conformation is linked to TRAP ectodomain extension provides a mechanism for cytoskeletal regulation of stick-and-slip motility.
Tensile force exerted by the parasite actomyosin apparatus on TRAP, when resisted by TRAP binding to a cell or substratebound ligand, will elongate and straighten TRAP and align it in the direction of force exertion (Fig. 4) . Elongational force will rigidify and thus provide a mechanism for transmitting allostery through the otherwise putatively flexible repeat region. Furthermore, this force is on pathway with and hence energetically favors TRAP extension through formation of the extensible β ribbon and the open, putative high-affinity conformation of the VWA domain (Fig. 4) . Because the MIDAS ligand-binding site points in the opposite direction from the C-terminus of the TSR domain (Fig. 4) , with a highly elongated domain architecture in between, elongational force is well aligned with protein allostery. Therefore, to a first approximation, the change in free energy of the open conformation relative to the closed conformation of TRAP after application of force can be estimated as ΔG = −FΔx. Knowing that the TSR domain is flexibly connected and is close to the VWA domain in the closed conformation, Δx can be estimated as the length of the extensible β ribbon that is nonoverlapping with the TSR domain, or 25 Å (Fig. 4) . This Δx is large compared with other adhesion molecules that exist in flexed, lowaffinity, and extended high-affinity states (21) . By alternatively engaging and disengaging TRAP localized to different regions of the sporozoite surface with the actomyosin apparatus, stick-andslip gliding motility may be regulated by force-activated changes in TRAP affinity for ligand (Fig. 4) . Cleavage in the TRAP transmembrane domain by a rhomboid protease is also required for sporozoite motility (22) . Thus, cleavage of TRAP that is engaged by extracellular ligand and the sporozoite motility apparatus may be another important mechanism of detachment at the posterior end of the sporozoite that enables new sites of attachment at the anterior end to provide traction for continued motility.
It is fortuitous that two conformational states, open and closed, were glimpsed here with TRAP from different species. The TRAPs from P. vivax and P. falciparum are orthologues and their VWA, extensible β-ribbon, and TSR domains are 49% identical in sequence overall. Current knowledge about protein structure and function, as well as what we know about integrins, teaches us that at this level of sequence identity, TRAP from all species of Plasmodia, as well as orthologues in other genera such as MIC2 in Toxoplasma, must also have closed and open conformational states. Interestingly, the αI domain of integrin αMβ2 also has been crystallized in open and closed conformations, depending on the crystal lattice (23) .
TRAP supports sporozoite gliding motility in remarkably varied host environments, and also in vitro on artificial substrates (6) . In the mosquito, TRAP is required for migration from the hemolymph into salivary glands. In vertebrates, TRAP is required for emigration from the dermis into blood vessels, and from blood vessels into liver (12, 13) . In the liver, sporozoites must enter the space of Disse, possibly through Kupffer cells (24) , before traversing through a few hepatocytes before invading one (25) . Furthermore, TRAP supports two different types of behavior. In cell traversal, the plasma membrane is wounded on either side of a cell as a sporozoite passes through. In invasion, a moving junction containing TRAP is formed between the parasite and hepatocyte plasma membranes as the parasitophorous vacuole is formed around the sporozoite (6, 24, 25) . Thus far, understanding of the ligands encountered by the sporozoite on its long journey is meager, but the list includes heparin (24, (26) (27) (28) . Our ability to produce well-folded TRAP and characterize a putative high affinity state promises to further advance ligand identification. Several other sporozoite microneme proteins that have VWA and/or TSR domains also contribute to the sporozoite journey; however, thus far, mutational studies suggest that TRAP is by far the most important (6, 12, 13, 29, 30) .
The overall shape and charge of the ligand-binding surface surrounding the MIDAS are distinctive in TRAP. In TRAP, the area surrounding the MIDAS is flatter than in integrin αI domains, and when viewed normal to this flat surface, the surrounding area is larger (Fig. 5 ). These differences hold up whether TRAP is compared with integrin α2, αL, αM, or αX αI domains. It is possible that this large, flat surface surrounding the MIDAS is a specialization for binding a large number of ligands with high affinity. The unique shape of this surface in TRAP compared with integrin αI domains is constructed from TRAP's unique disulfidebonded α6-β6 loop, differences in the β4-α5 and β5-α6 loops, and longer α5 and shorter α6 helices in TRAP.
The high isoelectric point (pI) of TRAP may also be important for ligand binding. TRAP VWA domains are basic, with estimated pI values in the range of 9 to 10. In contrast, the majority of proteins are acidic with a pI between 5 and 6. Furthermore, cell surfaces are negatively charged and heparan sulfate-proteoglycans are highly negatively charged. The unusually high sulfation of heparan sulfate in the liver sets it apart from other tissues and may contribute to targeting sporozoites to the liver (24) . Positively charged surfaces on TRAP that are candidates for heparin binding include the region around the MIDAS, and two crevices that are formed on either side of the unique α6-β6 loop that projects from the body of the VWA domain (Fig. 5a) .
In its likely ability to bind multiple ligands, TRAP is reminiscent of integrins αXβ2 and αMβ2. These integrins bind a wide variety of ligands that include the complement opsonic fragment iC3b, intercellular adhesion molecule-1, heparin, and denatured proteins. An acidic group is key in ligands (refs. 31-33 and references therein). Interestingly, the promiscuous, heparin-binding integrin αI domains of αXβ2 (Fig. 5B) and αMβ2 (31, 33) have higher pI values in the range of 9 to 10 than those of the more selective αLβ2 (pI 6, Fig. 5C ) or α2β1 (pI 8) integrins.
Our ability to express, purify, and conformationally characterize all structured modules in TRAP is a marked advance toward subunit malaria vaccines. The anti-sporozoite subunit vaccine currently in clinical trials, RTS,S, contains a CS protein fragment, and gives limited protection (34) . TRAP has shown efficacy in animal models with tumor cell transfectants coexpressing TRAP and CS (35) and in virally vectored prime and boost vaccines (36) . These vaccines express apicomplexan sequences in mammalian hosts. Our constructs remove one (P. falciparum) or four (P. vivax) N-glycosylation sites that, when not mutated, are N-glycosylated in mammalian expression hosts (Fig.  S5) . In a subunit vaccine trial, immunization of rhesus infants and adults with RTS,S together with TRAP expressed in insect cells revealed antibody responses to TRAP and better T-cell responses to TRAP than to RTS,S, especially in infants (37) . However, the sequence of the TRAP fragment that was used, its characterization, or whether it was expressed in the cytoplasm, on the cell surface, or secreted by insect cells, was not disclosed. Thus, it is difficult to know whether TRAP used previously was N-glycosylated, had proper disulfide linkages, and was fully folded.
Whether sporozoite proteins are N-glycosylated is an important question. Only recently, Plasmodial species have been shown to contain the genes for constructing lipid-linked, unusually short, GlcNAc 2 N-glycan precursors and transferring them to proteins. Furthermore, the presence of dolichol-phosphate linked GlcNAc and GlcNAc 2 precursors, and GlcNAc 2 -bearing proteins, was demonstrated in P. falciparum erythroid forms (38) . It will be interesting to determine whether TRAP and other sporozoite stage surface proteins also bear these unusually truncated N-glycans. A potential N-glycosylated Asn residue immediately follows MIDAS residue Thr-131 (P. falciparum) and Thr-127 (P. vivax) (Fig. 1G) . Differences in N-linked glycosylation between Plasmodium and higher eukaryotes thus could have a major impact on recognition of the MIDAS region by function-blocking antibodies and will be an important consideration for subunit vaccines. Structural vaccinology of influenza and HIV has shown that important epitopes may only be exposed after initial contact with host cells (39) (40) (41) ; the open conformation of TRAP may be analogous. Whether antibodies to the closed TRAP conformation or to its open conformation with its β ribbon extended will be more protective is currently unknown. The current work establishes the foundation for definitive testing of whether a subunit vaccine containing TRAP, either in a mixture of conformational states, mutationally stabilized in one state, or in combination with CS, can be efficacious for preventing infection by falciparum or vivax species of malaria.
Materials and Methods
Synthetic cDNA sequences optimized for mammalian expression for TRAP residues 26-299 or 41-240 with C55G and N132S mutations (P. falciparum, GenBank accession no. AAA29775) or residues 25-283 with S42Q, N91S, N128S, and S180R mutations (P. vivax, GenBank accession no. AAC97484) to remove a nonconserved Cys or N-linked sites were inserted between murine Ig chain signal peptide and HHHHHHA sequences in plasmid pLEXm (42) . HEK293T cells were transiently transfected using polyethylenimine (43) . Culture supernatants (1 L) were harvested after 5 d. Purification was with Ni-NTA affinity (43) followed by Superdex S200 gel filtration in 20 mM Hepes 7.2 and 300 mM NaCl. Purified protein was concentrated to 5 mg/mL (P. falciparum) or 7.5 mg/mL (P. vivax) and stored at −80°C. Diffractionquality P. falciparum 26-299 TRAP crystals were produced at 4°C in 0. Diffraction data were collected at 100 K. The data were indexed and scaled with HKL2000. Structures were solved by molecular replacement using VWA domain (PDB ID 1shu) as a search model with MolREP (44) . Model rebuilding and refinement were with Coot (45) and PHENIX (46) . Model validation was with MOLPROBITY (47) .
